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Abstract 

The  dissociative  adsorption  of  NH3  on  Sl(100)(2xl)  has  been  studied 
using  accurate  surface  coverage  measurements,  temperature  programmed 
desorption,  Auger  spectroscopy  and  digital  ESDIAD/LEED  methods.  It  has 
been  found  that  NH2  surface  species  (amino  species)  are  produced  to  a 
saturation  coverage  of  1  NH2/S1  dimer  at  120  K.  This  is  accompanied  by 
the  production  of  a  Si-H  surface  species.  Digital  ESDIAD  measurements 
of  the  H+  angular  distribution  from  NH2(a)  species  indicate  that  tor¬ 
sional  oscillations  about  the  Si-NH2  bond  are  responsible  for  the 
characteristic  elliptical  H"*"  pattern  whose  long  axis  is  perpendicular  to 
the  Si-Si  dimer  bond  direction.  It  has  been  shown  that  NH3  disso- 
ciatively  adsorbs  with  unity  sticking  probability  at  120  K  up  to  86%  of 
full  coverage,  indicative  of  a  mobile  precursor  adsorption  mechanism. 

The  preadsorption  of  atomic  H  onto  the  Si  dangling  bond  sites  reduces 
the  adsorptive  capacity  of  the  Si(100)  surface,  and  1  H/Si  completely 
passivates  the  surface  for  NH3  chemisorption.  The  NH2(a)  species,  pro¬ 
duced  by  adsorption  at  120  K  are  stable  up  to  about  600  K,  where  decom¬ 
position  occurs  to  produce  N(a)  and  H(a).  A  minor  reaction  channel 
involving  NH2(a)  +  H(a)  to  produce  recombined  NH3(g)  is  observed  in  the 
temperature  range  600  -  700  K.  Above  700  K,  surface  N(a),  produced  from 
NH2(a)  decomposition,  enters  into  the  Si(100)  lattice. 


-2- 


I.  INTRODUCTION 


The  adsorption  and  thermal  decomposition  of  molecules  on  SI  single 
crystal  surfaces  Is  of  current  interest  for  several  reasons.  First, 
Information  about  this  type  of  surface  chemistry  Is  of  importance  In 
semiconductor  technology  where  adsorption  followed  by  thermal  decom¬ 
position  is  one  mode  of  controlled  thin  film  growth  [1].  Secondly,  the 
Investigation  of  the  chemistry  of  the  "dangling  bond"  electronic  states 
present  at  the  surface  of  covalently-bound  solids  is  of  major  fundamen¬ 
tal  interest  in  comparison  to  surface  chemistry  on  metals  where  more 
delocalized  surface  electronic  states  are  present  [2-4].  Thirdly,  with 
the  advent  of  atomic  level  imaging  techniques  such  as  the  scanning  tun¬ 
nelling  microscope  (STM),  which  is  so  effective  on  covalent  solid  sur¬ 
faces,  it  is  of  current  importance  to  bring  other  surface  measurement 
techniques  to  bear  upon  the  same  systems  in  order  to  achieve  a  more 
complete  understanding  of  the  chemistry  which  occurs  in  these  systems, 
as  well  as  greater  understanding  of  the  meaning  of  the  STM  images  [3,4]. 

The  adsorption  of  NH3  on  Si (100)  is  a  prototype  chemical  system  for 
the  achievement  of  the  three  objectives  listed  above.  NH3  is  an  impor¬ 
tant  molecule  for  producing  silicon  nitride  films  by  both  thermal  and 
electronically-excited  silicon  nitride  thin  film  growth  processes  [5,6], 
The  chemistry  of  NH3  on  transition  metals  is  fairly  well  understood  [7], 
and  comparisons  with  its  chemistry  on  Si  single  crystals  can  therefore 
be  made.  Finally,  a  wide  variety  of  surface  measurement  techniques  have 
been  applied  to  the  study  of  NH3  interaction  and  thermal  decomposition 
on  Si(100)  and  Si (111).  These  techniques  include  STM  [3, 4, 8, 9],  XPS 
[3-6,10-13],  UPS  [3,4,6,9,10,14,15],  HREELS  [11,16,17],  ISS  [3,5],  TPD 
[3,5],  laser  vaporization/FTMS  [18]  and  one  ESDIAD  study  [19]. 
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A  controversy  exists  concerning  whether  NH3  adsorbs  dissociatively 
at  temperatures  near  100  K  on  Si  single  crystal  surfaces.  This  paper 
addresses  this  question,  and  also  identifies  the  primary  stable  surface 
species  produced  from  NH3  dissociative  adsorption.  On  Si(100),  Avouris 
et  al  [3]  report  that  even  at  90  K,  NH3  is  dissociated  to  adsorbed  H  and 
adsorbed  N.  The  adsorbed  N  was  reported  to  penetrate  into  the  subsur¬ 
face  region  of  Si (100)  where  silicon  nitride  is  produced  at  low  tem¬ 
peratures.  In  contrast  to  this,  Hill  et  al  [10],  using  both  UPS  and  XPS 
methods,  have  reported  that  NH3  adsorbed  at  100  K  on  Si(100)  is  present 
as  an  undissociated  molecule.  This  view  is  based  upon  the  observation 
of  the  characteristic  3aj  (N  lone  pair  electrons)  and  the  le  (N-H 
bonding  electrons)  UPS  features  at  100  K  on  both  Sl(100)  and  Si(lll). 
Near  300  K  the  UPS  spectrum  changes  slightly  and  these  two  orbitals 
shift  by  about  1.0  eV  and  0.7  eV  to  lower  binding  energy  as  an  Si-H  UPS 
feature  develops.  This  general  view  of  NH3  dissociation  at  about  300  ,K 
Is  verified  by  XPS  studies  of  the  N(ls)  level  for  various  surface  tem¬ 
peratures.  Between  100  K  and  300  K,  adsorbed  NH3  is  postulated  to  con¬ 
vert  to  adsorbed  NHX  as  seen  by  a  1.5  eV  shift  to  lower  N(ls)  binding 
energy.  Silicon  nitride  formation  Is  observed  above  590  K,  as  the  N(ls) 
binding  energy  shifts  a  total  of  2.6  eV  to  lower  N(ls)  binding  energy 
compared  to  that  for  NH3(a)  [10].  Tanaka,  et  al  [16]  have  studied  the 
adsorption  of  NH3  by  Si (111)  using  HREELS.  They  report  that  the 
Si(lll)-(7  x  7)  surface  adsorbs  NH3  at  300  K  to  produce  a  mixture  of 
S1-NH2  and  Si-NH  species.  Upon  heating  to  700  K,  SI-NH2  species  are 
partially  decomposed  to  form  SI3N4  and  Si-H  surface  species.  At  900  K 
all  H  atoms  are  removed  from  the  surface.  Kilday  et  al  [11],  using 
HREELS  and  XPS,  conclude  that  Si (111)  adsorbs  NH3  molecularly  at  300  K, 
with  some  dissociation  taking  place  as  seen  by  the  presence  of  an  Si-H 
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stretching  frequency  at  2055  cm"1.  Johnson  et  al  [19],  using  ESDIAD, 
conclude  that  NHX  species  are  produced  at  0.1  l  [1  L  ■  1  Langmuir  -lx 
10“6  Torr  sec]  exposure  at  125  K  on  Si (100);  these  species  are  reported 
to  produce  2  H+  ESDIAD  beams  which  are  observed  to  be  directed  perpen¬ 
dicular  to  the  Si-Si  dimer  axes.  This  behavior  was  likened  to  that 
observed  for  adsorbed  -OH  species  on  the  dimerized  Si(100)  surface.  At 
a  2.0  L  NH3  exposure  at  125  K,  only  a  broad  normally-directed  H+  ESDIAD 
beam  could  be  detected. 

Recently  Avouris  et  al  [4,6],  as  a  refinement  of  their  earlier 
findings  [3],  have  reported  that  Sl(100)-(2xl)  dissociates  NH3  at  100  K 
to  produce  NH  surface  species.  The  tentative  assignment  of  the  species 
as  NH(a)  rather  than  NH2(a)  or  NH3(a)  was  based  on  small  differences 
between  the  N(ls)  XPS  spectrum  of  the  species  on  Si(100)-(2xl )  and 
Si(lll)-(7x7),  where  NH2  was  the  preferred  assignment  on  Si(lll)-(7x7). 
In  addition,  UPS  studies  were  interpreted  to  indicate  that  Si (100)  is 
more  reactive  toward  NH3  than  is  Si(lll). 

The  investigation  reported  here  has  been  carried  out  using  a  com¬ 
bination  of  methods  appropriate  to  this  problem.  We  will  show  that  the 
production  of  NH2  species  from  NH3(g)  can  be  observed  on  the 
Si(100)-(2xl )  surface  using  digital  ESDIAD.  In  addition,  the 
recombination  of  NH2(a)  species  with  H(a)  has  been  observed  above  550  K, 
and  studies  of  Isotopic  exchange  of  D(a)  into  the  NH^a)  species 
confirm  that  it  is  in  fact  NH2(a). 

II.  EXPERIMENTAL 

A.  General  Description  of  the  Apparatus 

A  top  view  of  the  ultrahigh  vacuum  apparatus  (base  pressure  =  5  x 
10~11  Torr)  used  in  this  work  is  shown  in  Figure  1.  The  apparatus  is 
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pumped  by  a  200  L/s  trlode  ion  pump,  a  150  L/s  turbo  pump,  and  a  tita¬ 
nium  sublimation  pump.  We  estimate  the  pumping  time  constant  of  the 
system  to  be  0.5  sec.  A  Si  single  crystal  of  approximate  square 
geometry  is  mounted  on  the  end  of  a  cooled  support  assembly  which  can  be 
rotated  360°  to  allow  the  crystal  to  face  various  measurement  instru¬ 
ments  in  the  bell  jar.  A  LEED/ESDIAD  analyzer  which  involves  resistive 
anode  detection  and  digital  data  acquisition  facilities  is  located  at 
the  bottom  of  the  figure  [20,21].  In  addition,  a  digitally  multiplexed 
quadrupole  mass  spectrometer  (QMS)  (which  samples  1-6  masses/second)  Is 
located  so  that  the  crystal  may  be  positioned  directly  on  axis  for  tem¬ 
perature  programmed  desorption  measurements,  as  well  as  for  measurements 
of  the  kinetics  of  adsorption  when  gas  impinges  on  the  crystal  surface 
from  a  collimated  and  calibrated  directed  beam  doser  [22].  The  collima- 
tion  of  the  beam  is  achieved  by  the  use  of  a  glass  mlcrocaplllary  array 
located  at  the  front  of  the  doser  [22],  and  the  fraction  of  the  beam 
intercepted  by  the  crystal  may  be  determined  by  direct  measurement  or 
estimated  from  the  geometry  of  the  apparatus  [23,24].  For  studies  of 
the  identity  of  the  ionic  species  produced  by  ESD,  an  electron  gun  iden¬ 
tical  to  that  used  in  the  digital  LEED/ESDIAD  measurements,  located  near 
the  QMS,  may  be  used  to  irradiate  the  crystal.  The  positive  ions  are 
accelerated  into  the  QMS  (internal  ionization  source  off)  through  a 
pair  of  planar  grids  biased  such  that  ions  arrive  at  the  QMS  with  40  eV 
kinetic  energy;  scattered  electrons  are  retarded.  Atomic  hydrogen 
(deuterium)  is  produced  from  H2  (D2)  gas  (~  1  x  10-8  Torr  *  pH2(D2^ 
using  a  tungsten  spiral  filament  which  operates  at  1800  K.  Auger 
spectroscopy  of  the  Si (100)  surface  may  be  carried  out  using  a  Varian 
scanning  Auger  cylindrical  mirror  analyzer.  The  crystal  may  be  ion  bora- 
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barded  for  cleaning  using  a  rastered  ion  gun  which  directs  an  Ar+  beam 
on  the  crystal  at  an  angle  of  incidence  of  70°  with  respect  to  the  sur¬ 
face  normal.  Normally  the  Ar+  current  is  4  x  10”^  A  and  the  bombardment 
energy  is  2  KeV. 

A  more  detailed  view  of  the  digital  LEED/ESDIAD  apparatus  is  shown 
in  Figure  2.  An  electron  gun  (Comstock  EG-401)  modified  with  x  and  y 
deflection  plates  delivers  an  electron  beam  at  an  angle  of  incidence  of 
50°  to  the  silicon  single  crystal.  For  all  measurements  in  this  paper, 
the  Si  crystal  is  biased  at  +  10  V  causing  some  ESDIAD  pattern 
compression  effects.  Thus,  all  angles  of  ion  emission  are  closer  to  the 
normal  than  would  be  observed  without  compression  effects.  Because  of 
the  low  dielectric  constant  of  the  silicon  substrate,  image  charge 
effects,  which  would  cause  the  polar  angles  to  be  larger,  should  be 
minimal.  At  lower  compression  voltages,  H+  ions  are  not  collected  effi¬ 
ciently  in  the  ESDIAD  apparatus.  Calculations  Indicate  and  direct 
observations  show  that,  for  a  crystal  bias  greater  than  +30  V,  further 
compression  of  the  ion  patterns  is  minor. 

For  ESDIAD  measurements,  the  electron  beam  (5  x  10“^  A,  210  eV) 
used  to  excite  a  spot  on  the  crystal  is  1  mm  in  diameter.  Positive  ions 
produced  by  the  ESDIAD  process  are  intercepted  by  3  concentric 
hemispherical  grids  (Gj  -  G3,  numbered  in  order  of  distance  from  the 
crystal)  which  are  operated  at  the  following  bias  voltages  (G^  *  G2  * 

0V;  G3  ■  +5  V);  the  positive  ions  then  pass  through  a  planar  grid  (G4  » 
-350  V).  The  ions  then  exit  to  the  microchannel  plate  assembly  through 
a  drift  zone  of  length  4.5  cm.  The  microchannel  plate  input  potential 
is  typically  -400  V,  and  a  potential  drop  of  8,80  V  is  applied  across 
each  microchannel  plate.  The  pulsed  electron  output  of  the  microchannel 
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plates,  amplified  by  a  factor  of  about  105,  is  collected  by  a  two- 
dimensional  resistive  anode  (Surface  Science  Laboratories,  model  3394A), 
and  fed  into  the  computerized  data  collection  and  manipulation  system 
which  has  been  described  previously  [20,21].  Typical  ion  counting  times 
are  120  s,  and  a  typical  digital  ESDIAD  pattern  contains  about  2  x  10^ 
ion  counts.  This  detection  system  has  the  advantage  of  high  sensitivity 
for  low  signals  and  only  an  8  s  maximum  time  between  data  acquisition 
and  full  graphic  display.  It  was  found  that  the  provision  of  internal 
shielding  was  necessary  in  the  region  of  the  ESDIAD  grids  and  the  drift 
zone;  these  shields  were  operated  at  the  planar  grid  and  microchannel 
plate  input  potentials,  respectively. 

For  digital  LEED  measurements,  the  potentials  in  the  grid  system 
are  reversed  (Gj  *  0  V,  G2  *  G3  -  -60  V,  G^  ■  -95  V).  The  electron 
beam  (<  1  x  10“^  A,  100  V)  is  provided  by  the  same  gun  as  in  the  digital 
ESDIAD  measurements.  Because  of  the  length  of  the  drift  zone,  our  LEED 
beams  are  broader  than  those  normally  measured  in  conventional  digital 
LEED  systems  [20,21], 

B.  Auger  Measurements 

The  effect  of  electron  beam-enhanced  chemistry  has  been  shown  to  be 
important  for  silicon  carbide  and  silicon  nitride  film  growth  resulting 
from  the  reaction  of  the  Si(100)  surface  with  hydrocarbons  and  NH3 
[25,3,5].  When  careful  AES  measurements  are  to  be  made,  the  issue  of 
electron  beam  damage  of  the  adsorbate  during  the  acquisition  of  an  Auger 
electron  spectrum  must  be  addressed. 

The  integral  electron  gun  used  in  the  CMA  produces  a  spot  of  0.2  mm 
diameter  at  a  focal  length  of  2  cm.  The  3  keV  electron  beam  current  is 
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typically  2  x  10“^  A  during  the  analysis.  These  parameters  result  in  an 
electron  flux  of  4  x  10^  s~^cm_^,  which  is  certainly  large  enough  to 
produce  the  dissociation  of  NH3  adsorbate  on  the  surface  when  scan  times 
of  ~  120  seconds  are  considered.  We  therefore  use  the  Auger  measure¬ 
ments  as  a  relative  assay  of  the  nitride  species  produced  by  electron 
beam  degradation  from  NH2  surface  species  present  before  thermal  decom¬ 
position.  The  nitride  Auger  signal  is  proportional  to  the  nitrogen 
coverage  present  from  the  NH2  surface  species,  as  shown  by  measurements 
of  the  N  Auger  intensity  increase  with  increasing  NH3  coverage. 

All  of  the  Auger  data  reported  herein  are  the  result  of  a  four 
point  average  over  the  exposed  surface  of  the  crystal.  With  a  0.2  mm 
electron  beam  diameter,  a  total  area  of  0.0012  cm^  is  exposed  to  the 
focused  electron  beam,  which  represents  only  0.06%  of  the  available  sur¬ 
face  area.  We  can  therefore  conclude  that  AES  and  TPD  measurements  may 
be  safely  carried  out  together  without  the  production  of  spurious 
effects  in  TPD  measurements  due  to  electron  beam  degradation  of  an  appre¬ 
ciable  fraction  of  the  adsorbed  layer. 

C.  Calibration  of  the  Beam  Doser 

In  the  measurements  reported  here,  it  was  of  importance  to  deter¬ 
mine  as  accurately  as  possible  the  incident  flux  of  adsorbate  on  the 
single  crystal.  The  collimated  directed  beam  doser  allows  this  to  be 
done.  A  measurement  of  the  delivery  rate  of  the  doser  for  NH3  was 
carried  out  using  accurate  methods  as  described  below.  A  Baratron 
capacitance  manometer  (0  -  10  Torr,  precision  =  0.001  Torr)  was  used  to 
measure  the  pressure  drop  in  the  stainless  steel  gas  handling  system  of 
known  volume  (209.2  cm-*)  over  a  period  of  about  1.8  x  10^  s.,  as  shown 
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in  Figure  3.  The  slope  of  the  semilogarithmic  plot  may  be  used  to 
accurately  determine  the  conductance  of  the  nominal  2  micron 
conductance- limiting  orifice  located  in  the  delivery  tube  of  the  doser 
[22].  At  1.040  Torr  NH3  pressure,  the  measured  conductance  is  3.68 
(±.03)  x  10*3  NH3  molecules/s  at  299.5  ±  0.9  K.  The  reasons  for  the 
first  two  points  in  this  measurement  being  high  may  have  to  do  with  slow 
adsorption  effects  on  the  walls  of  the  doser  gas  handling  system,  and 
these  points  are  not  included  in  the  analysis.  The  measurement  in 
Figure  3,  combined  with  various  estimates  of  the  fraction  of  the  NH3 
beam  intercepted  by  the  crystal  [23,24]  may  be  used  to  compute  the  flux 
of  NH3  incident  per  unit  area  on  the  crystal.  A  careful  propagation  of 
errors  analysis  has  yielded  a  maximum  uncertainty  of  30%  for  absolute 
exposure  and  coverage  measurements  with  this  dosing  apparatus,  although 
our  precision  is  much  better  as  revealed  by  good  reproducibility  of 
Auger  and  TPD  measurements  as  a  function  or  NH3  exposure. 

D.  Preparation,  Mounting  and  Cleaning  of  the  Si(100)  Crystal 

The  (15  mm  x  17  mm  x  1.5  mm;  2.6  cm^  area)  Si(100)(10  ohra-cm)  crystal 
(orientation  accuracy  *  1°)  was  slotted  on  all  four  edges  with  a  diamond 
saw  to  produce  0.4  ram  slots  of  1.5  mm  depth.  Two  of  these  slots  con¬ 
tained  internal  Ta  spring  clips  welded  to  tungsten  rods  (1.0  mm  diame¬ 
ter)  for  ohmic  heating  of  the  crystal  and  for  thermal  contact.  The 
third  slot  contained  a  chromel-constantan  thermocouple  (type  E,  0.076  mm 
diameter)  which  is  spot  welded  into  the  center  of  a  Ta  spring  clip  which 
is  inserted  into  this  upper  slot  [22],  To  further  assure  intimate 
crystal-thermocouple  contact,  a  tungsten  pressure  clip  spans  the  area 
behind  the  crystal  and  is  spring  loaded  between  the  upper  and  lower 
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slots.  This  method  has  been  found  to  be  entirely  satisfactory  for 
programmed  heating  and  cooling  of  the  crystal  In  the  temperature  range 
100  -  1200  K.  A  modified  digital  temperature  programmer  [26]  was  used  to 
reproduclbly  heat  the  crystal  at  a  linear  rate  over  most  of  the 
temperature  range.  A  variety  of  heating  rates  are  possible.  A  picture 
of  the  general  mounting  procedure,  and  a  complete  description  of  the 
crystal  mounting  method  may  be  found  In  reference  [22]. 

The  crystal  was  chemically  cleaned  using  a  methanol  rinse  prior  to 
insertion  in  the  ultrahigh  vacuum  system.  Glancing  incidence  Ar+  Ion 
bombardment,  followed  by  heating  In  vacuum  at  1190  K  for  ~  5  rain,  then 
cooling  (rate  ~  1  K/S),  was  found  to  produce  a  clean  Sl(100)  crystal 
giving  a  reproducible  (2x1)  LEED  pattern.  The  fact  that  the  (2x1) 
pattern  did  not  contain  significant  (1  x  2)  LEED  Intensity  indicates 
that  there  Is  a  preferential  distribution  of  (2  x  1)  domains  having  a 
single  orientation  on  this  crystal. 

We  estimate,  on  the  basis  of  the  slgnal-to-nolse  ratio  In  the  Auger 
spectrum  for  the  cleaned  SI  crystal,  that  the  limit  of  detectability  for 
the  following  impurities  in  the  Auger  sampling  depth  are:  C  (272  eV)  - 
3.3%;  N  (381  eV)  -  1.4%;  0  (511  eV)  -  0.9%;  Ni  (848  eV)  -  2.6%. 

However,  none  of  these  common  impurities  In  Si  were  actually  detected  by 
Auger  spectroscopy  on  our  clean  crystal. 

III.  EXPERIMENTAL  RESULTS 

A.  NH3  Adsorption  Experiments  at  120  K 

Figure  4  illustrates  a  typical  experimental  measurement  of  the 
adsorption  kinetics  for  NH3  adsorption  by  Sl(100)  at  120  K,  using  the 
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directed  beam  doser  technique.  The  figure  shows  the  mass  spectrometer 
response  to  various  operations  In  the  apparatus.  With  the  crystal  out 
of  the  beam,  NH3  Is  admitted  to  the  doser  at  a  time  of  100  seconds,  and 
In  the  Interval  100  -  160  seconds,  little  response  Is  observed  with  the 
mass  spectrometer.  This  behavior  Is  due  to  adsorption  of  NH3  on  the 
walls  of  the  10  ym  diameter  walls  of  the  microcapillary  array  (a  pheno¬ 
menon  which  has  been  observed  previously  {7]).  Beyond  160  seconds, 

NH3  begins  to  exit  from  the  capillary  array  doser  and  the  mass  spectro¬ 
meter  signal  rises  monotonically  as  the  inner  surfaces  of  the  ralcroca- 
pillary  array  saturate  with  adsorbed  NH3,  and  as  the  regions  of  the  UHV 
system  exposed  to  NH3  also  saturate.  Thus,  the  fluence  of  NH3  Into  the 
UHV  system  is  becoming  larger  as  time  Increases  due  to  the  saturation  of 
the  capillary  array.  Near  600  seconds,  we  assume  that  the  doser  is 
saturated.  In  fact,  a  calculation  based  on  the  fluence  of  NH3  entering 
the  capillary  array  (-50  cm2  internal  surface  area)  indicates  that 
about  1  monolayer  of  NH3  would  have  been  intercepted  by  the  inner  sur¬ 
face  of  the  array  in  500  seconds  of  operation  with  1.040  Torr  NH3  backing 
pressure  behind  the  2  yra  conductance-limiting  orifice  in  the  doser 
apparatus.  Auger  measurements  of  the  clean  Si  surface  which  was  located 
out  of  the  NH3  beam,  indicate  that  surface  contaminants  are  below  detec- 
tible  limits  during  this  initial  period  of  random  flux  exposure. 

At  600  seconds,  the  clean  Si(100)  crystal  is  rotated  into  the 
NH3  beam,  and  a  rapid  decrease  in  NH3  signal  received  by  the  QMS  is 
observed.  The  horizontal  plateau  observed  in  the  time  interval  610  - 
~  660  seconds  corresponds  to  an  adsorption  process  on  the  crystal  which 
proceeds  with  unity  sticking  probability,  S  ■  1,  to  within  the  accuracy 
of  our  measurement  methods.  The  fact  that  this  section  of  the  uptake 
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curve  Is  accurately  horizontal  is  evidence  that  the  ralcrocapillary  array 


has  become  saturated  by  500  seconds  of  operation.  The  ratio 
therefore  corresponds  to  the  fraction  of  NH3  which  Is  intercepted  by  the 
crystal.  The  average  Intercepted  fraction  is  measured  to  be  0.33  ±  .04 
for  our  doser-crystal  geometry.  The  value  0.33  Is  In  fair  agreement 
with  calculations  based  on  the  geometry  of  the  doser  and  the  crystal 
where  the  calculated  fraction  intercepted  is  ~  0.6  [24],  The  NH3  expo¬ 
sure  to  the  crystal  at  the  end  of  the  plateau  corresponds  to 
3.4  ±  1.0  x  10^  Nl^/cm^.  [Note:  the  error  in  this  measurement  is  not 
an  average  deviation  but  is  the  result  of  a  total  propagation  of  error 
treatment  of  the  experiment].  At  660  seconds,  the  rapid  adsorption  pro¬ 
cess  on  the  crystal  is  complete,  and  a  slower  adsorption  process  with 
constantly  decreasing  rate  of  adsorption  takes  place,  causing  the 
reflected  NH3  flux  from  the  crystal  to  rise  as  shown.  When  the  crystal 
is  rotated  out  of  the  NH3  beam  at  925  s,  the  reflected  NH3  signal 
received  by  the  mass  spectrometer  falls  to  a  value  corresponding  to  ran¬ 
domization  in  the  vacuum  system  of  the  limiting  fluence  of  NH3  into  a 
vacuum  system  whose  walls  are  nearly  saturated  with  NH3.  Upon  turning 
the  NH3  beam  doser  off,  the  delivery  of  some  NH3  to  the  vacuum  system 
continues  as  desorption  of  NH3  occurs  from  the  inner  walls  of  the  micro- 
capillary  array,  and  from  the  vacuum  system  walls.  This  causes  the  mass 
spectrometer  signal  to  slowly  return  to  its  starting  value. 

B.  Temperature  Programmed  Desorption  from  NH3/Si(100) 

Figure  5  shows  a  series  of  temperature  programmed  desorption  (TPD) 
spectra  for  NH3  adsorbed  at  120  K  on  Si(100).  The  heating  rate,  B*dT/dt, 
for  these  measurements  is  3-1.6  K/S.  At  low  exposures  to  NH3,  little 
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NH3  desorption  Is  observed  from  the  crystal.  As  the  exposure  Increases 
a  high  temperature  NH3  desorption  feature  Is  observed  with  Its  peak  tem¬ 
perature  (Tp)  near  650  K.  This  feature  Intensifies  and  shifts  to  Tp  * 

670  K  at  the  highest  exposures  shown.  This  650  K-desorption  process  Is 
due  to  the  recombination  of  adsorbed  NH2  species  with  H(a)  species  to 
liberate  NH3,  as  will  be  shown  later.  In  addition  to  the  high  tem¬ 
perature  NH3  desorption  process,  we  also  observe  a  sequence  of  low  tem¬ 
perature  NH3  desorption  states  forming  below  350  K  as  the  NH3  exposure 
is  increased  (not  shown  in  full).  These  low  temperature  states  are 
due  to  weak  chemisorption  and  multilayer  condensation  of  undissociated 
NH3  onto  the  surface  as  the  exposure  to  NH3  Is  Increased  and  will  not  be 
discussed  here.  Assuming  that  the  desorption  process  Is  first  order  for 
the  high-temperature  HH3  species,  we  have  used  the  method  of  Redhead 
[27]  to  estimate  the  first  order  kinetic  parameters  associated  with  this 
desorption  process,  finding  that  ■  46  kcal./mole,  and  assuming  ■ 
1014  s'1  for  NH3  coverages  near  3.4  x  lO^/cm2. 

Figure  6  shows  the  H2  temperature  programmed  desorption  which 
follows  the  liberation  of  NH3  shown  in  Figure  5.  It  is  seen  that  a 
3 ingle  (monohydrlde  desorption)  H2  desorption  feature  is  observed  above 
about  680  K.  This  H2  desorption  process  is  initiated  following  the 
desorption  of  the  majority  of  the  high  temperature  NH3  state.  The 
coverage  development  of  the  high-temperature  NH3  and  H2  desorption  pro¬ 
cesses  is  shown  in  Figure  7,  where  the  integrated  yield  in  each  desorp¬ 
tion  process  is  shown  as  a  function  of  the  NH3  exposure  at  120  K. 

It  should  be  noted  that  at  the  end  of  the  plateau  in  Figure  4,  the 
adsorption  uptake  (3.4  ±  1.0  x  10^  NH3/cm2)  of  strongly  chemisorbed  spe¬ 
cies  derived  from  NH3  is  of  the  order  of  85Z  complete,  judging  from  the 
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H2  desorption  behavior  (Figure  7)  which  Increases  by  14Z  above  this 
exposure.  Thus,  the  H2  desorption  data,  coupled  with  the  uptake  data 
(Figure  4),  would  indicate  that  the  saturation  coverage  of  NH2~producing 
NH3  species  on  Si(100)  is  3.9  ±  1.2  x  10^  NHj/cm^.  We  interpret  this 
to  indicate  that  one  NH2(a)  species  may  form  per  Si-Si  dimer  site,  since 
the  perfect  Si(100)(2xl)  crystal  would  present  3.4  x  10^  Si-Si  dimer 
sites/cm^. 

Figure  8  shows  a  comparison  between  the  TPD  spectra  for  the  pro¬ 
ducts  of  NH3  adsorption  compared  to  the  desorption  of  H2  from  Si(100) 
covered  with  adsorbed  hydrogen  (produced  by  bombardment  from  a  hot  U- 
fllament  atomic  H  source).  The  heating  rate  for  these  measurements 
is  8  *  0. 9  K/S.  The  hydrogen  desorption  from  NH3  decomposition  closely 
resembles  that  from  monohydride  H(a)  desorption  from  H/S1(100)  (a 
slightly  lower  maximum  peak  temperature  is  noted  for  the  H2  from  NH3). 
This  indicates  that  the  desorption  of  H2  is  controlled  by  hydrogen 
desorption-limiting  surface  kinetics  when  it  is  produced  from  NH3.  On 
the  other  hand,  the  NH3  desorption  in  the  high  temperature  NH3  state 
below  the  H2  desorption  temperature  occurs  under  conditions  where  all 
H(a)  from  NH3  decomposition  is  present  to  act  as  a  source  of  H(a)  for 
recombination  with  NH2(a)  species. 

C.  Deuterium-Ammonia  Coadsorption  Studies 

In  order  to  demonstrate  that  NH3  liberation  in  the  high-temperature 
desorption  state  is  due  to  a  recombination  process  of  H(a)  with  NH2(a) 
species,  atomic  D(a)  was  preadsorbed,  followed  by  NH3  adsorption  at 
120  K. 

It  has  been  shown  that  deuterium  (or  hydrogen)  on  Si(100)  forms  a 
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monohydride  phase  (one  D  for  every  SI  dangling  bond)  followed  by  a 
dlhydrlde  phase  (two  D  on  every  other  SI  atom  for  a  saturation  coverage 
of  1.5  D/Sl).  At  hydrogen  coverages  above  the  monohydride  stage,  SI  sur¬ 
face  reconstruction  occurs  In  which  the  Sl-Sl  dimer  bonds  are  broken 
after  saturation  of  the  monohydride  phase  on  Sl(100)  [28,29]. 

The  thermal  desorption  of  D2(g)  from  SI (100)  as  a  function  of  the 
coverage  of  D(a)  exhibits  two  desorption  features:  the  monohydride  at  ~ 
780  K  and  a  dlhydrlde  feature  at  -  675  K  [30].  The  monohydride  feature 
Is  seen  for  all  atomic  deuterium  exposures.  The  dlhydrlde  desorption 
feature  Is  observed  only  above  D(a)  monolayer  coverage  [29].  From  the 
thermal  desorption  spectra  obtained  In  our  system.  It  Is  possible  on  the 
basis  of  the  sequential  development  of  monohydride  and  dlhydrlde  desorp¬ 
tion  states,  to  accurately  calibrate  the  coverage  of  D(a).  It  should  be 
noted  that  exposures  of  atomic  D  are  expressed  as  Langmuirs 
[1L  ■  1  x  lO'^Torr-sec]  of  D2  exposed  to  the  hot  W-splral  described  pre¬ 
viously.  It  Is  found,  under  our  experimental  conditions,  that  the 
dlhydrlde  phase  Is  first  detected  at  6L  P2  as  shown  In  Figure  9.  This 
means  that  6L  exposure  (to  D  from  D2)  will  place  1  D/Sl  on  the  Si(100) 
surface  as  a  monohydride  species  (6.8  x  10 D/cra^). 

The  preadsorption  of  deuterium  on  Si(100)  caps  the  active  adsop- 
tlon  sites  for  NH3.  This  Is  clearly  demonstrated  In  Figure  10  where  the 
adsorption  kinetics  for  NH3  are  shown  for  various  levels  of  coverage  of 
preadsorbed  D.  The  effect  of  the  preadsorbed  D  on  the  adsorption  of 
NH3  is  to  shorten  the  constant  sticking  coefficient  (S*l)  region  and 
to  diminish  the  rate  of  NH3  adsorption  beyond  the  end  of  the  plateau. 

The  effect  on  the  slow  NH3  adsorption  process  Is  observed  by  the 
Increasing  slope  of  the  curves  in  this  region  as  the  coverage  of  D(a)  is 
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increased.  It  should  be  noted  that  at  a  coverage  of  7.9  x  10^  D/cn^ 

(-  1.16  D/Sl)  no  ammonia  adsorption  occurs,  indicating  that  to  within 
our  experimental  error  a  saturated  monohydride  layer  of  D(a)  (*  1  D/Sl) 
effectively  passivates  the  Si(lOO)  surface  for  ammonia  adsorption.  Such 
passivation  by  preadsorbed  H  has  also  been  seen  for  olefin  adsorption  on 
the  Si(100)  surface  [25]. 

For  D(a)  coverages  corresponding  to  less  than  ~  1  D/Si,  it  is 
possible  to  adsorb  NH3,  producing  NH2(a)  species  as  will  be  shown. 
Subsequent  heating  of  the  coadsorbed  D(a)  and  NH2(a)  on  Sl(100)  produces 
the  following  desorption  species:  H2,  HD,  D2,  NH3,  NH2D,  NHD2,  and  ND3. 
The  isotopic  ammonia  desorption  species  are  shown  in  the  Insert  to 
Figure  11  for  a  single  experiment. 

If  ammonia  were  to  molecularly  adsorb  and  then  desorb,  little  or  no 
isotopic  mixing  would  probably  occur.  Such  behavior  was  observed  on  the 
surface  containing  D(a)  for  M3  thermal  desorption  below  350  K,  where 
NH2D,  NHD2  and  ND3  were  not  seen  (not  shown).  Thus  the  weakly  bound  NH3 
does  not  undergo  Isotopic  exchange  with  D(a)  prior  to  its  desorption  as 
NH3. 

The  formula  of  the  NH^a)  species  which  recombine  with  H(D)(a)  near 
700  K  may  be  determined  from  the  ratios  of  the  desorbing  NHXD3_X  species 
(x  -  0,  1,  2,  3).  In  Figure  11,  the  relative  yields  of  the  NHXD3_X 
species  are  shown  as  a  function  of  D(a)  precoverage  of  the  Si (100)  sur- 
face.  Since  NH2D  predominates  as  £  desorption  product  compared  to  NHD2 
and  ND3  species  over  the  entire  D(a!>  coverage  range ,  it  follows  that 
NH2(a)  is  the  majority  surface  species  resulting  from  the  dissociative 
adsorption  of  ammonia  on  Si(100).  The  NHD2  and  ND3  species  arise  from 
consecutive  isotopic  exchange  processes  through  the  surface  reactions: 
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D(a) 

NH2(a)  +  D(a)  NHD(a)  +  H(a)  NHD2(g)  (1) 

D(a) 

NHD(a)  +  D(a)  +■*-*■+++  ND2(a)  +  H(a)  ND3(g)  (2) 

These  results  In  Figure  11  clearly  Indicate  that  NH(a) ,  If  present 
at  all  from  NH3  adsorption,  Is  a  minority  surface  species  upon  dlsso- 
dative  NH3  adsorption  on  SI (100). 

A  close  examination  of  the  NH3,  NH2D,  ND2H  and  ND3  desorption 
spectra  shown  In  the  Inset  to  Figure  11  shows  that  the  desorption  tem¬ 
perature  for  the  deuterated-ammonla  species  Increases  progressively  for 
Increasing  Incorporation  of  deuterium  In  the  Isotopic  ammonia  molecules. 
This  indicates  that  a  deuterium  kinetic  Isotope  effect  is  present.  The 
rate  determining  step  for  ammonia  desorption  is  related  to  the  zero 
point  vibrational  energy  of  a  hydrogenlc  species  In  the  elementary  step 
for  NH3  formation  from  NH2(a)  -4-  H(a).  It  is  likely  that  this  deuterium 
kinetic  isotope  effect  is  due  to  the  loss  of  an  Sl-H  vibrational  motion 
In  the  formation  of  the  transition  complex  for  NH3  production  by  the 
recombination  step,  l.e.,  speaking  approximately,  an  Si-H  vibration  Is 
converted  to  the  reaction  coordinate  for  the  recomblnatlve  NH3  produc¬ 
tion  step. 

D.  Auger  Spectroscopy  Studies  of  Nitrogen  on  Sl(100)  During 
Heating  of  an  NH3  Layer 

The  thermal  decomposition  of  the  nitride  species  on  the  surface,  as 
monitored  by  the  N(KLL)/S1(LW)  Auger  peak-to-peak  (p-p)  ratio.  Is  shown 
In  Figure  12.  An  exposure  of  8.9  x  10^  N^/cm^  was  used  In  the  experi¬ 
ment,  and  the  corresponding  TPD  spectrum  Is  shown  as  a  dashed  curve  In 
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the  bottom  of  the  figure.  To  perform  the  Auger  spectroscopy  study,  the 
crystal  was  exposed  to  NH3  and  then  heated  with  an  identical  heating 
ramp  (rate:  a1.6  K/s)  to  a  series  of  predetermined  temperatures. 

The  crystal  was  then  cooled  to  120  K  and  an  Auger  spectrum  was  taken  at 
four  points  on  the  surface;  care  was  taken  to  avoid  cumulative  electron 
beam  effects  in  the  acquisition  of  the  AES  data  by  using  different 
crystal  positions  throughout  the  analysis. 

The  N/Si  Auger  ratio  remains  constant  in  the  temperature  range  from 
125  -  625  K  and  thus  does  not  reflect  the  decrease  in  NH3  coverage  below 
375  K  due  to  the  desorption  of  molecularly  adsorbed  NH3.  We  believe 
that  the  Auger  electron  beam  desorbs  molecular  NH3  quickly  from  the 
multilayer  and  therefore  measures  N  Auger  intensity  only  from  the 
strongly-bound  NH2(a)  surface  species.  Since  the  thermal  chemistry  of 
the  strongly-bound  NH2(a)  state  is  responsible  for  nitride  formation,  we 
focus  our  study  on  this  state. 

The  N/Si  Auger  ratio  remains  almost  constant  at  0. 18  in  the  600  - 
700  K  temperature  range.  The  TPD  spectrum,  however,  indicates  that 
recombination  of  the  NH2(a)  species  with  H(a)  produces  the  observed 
NH3(g)  desorption  process  seen  at  660  K.  Apparently,  the  recombinatlve 
desorption  channel  available  to  the  NH2  adsorbate  is  a  minor  one,  and 
most  of  the  NH2(a)  species  remain  on  the  surface  to  undergo  further 
decomposition  to  form  a  nitride  layer,  liberating  H2  above  ~  680  K. 

Increasing  the  crystal  temperature  beyond  725  K  confirms  that 
nitride  formation  is  occurring  as  a  decrease  in  N/Si  Auger  ratio  is 
observed.  Since  a  desorption  pathway  of  NH3  or  N2  is  not  observed  above 
725  K,  we  conclude  that  N(a)  diffusion  into  the  bulk  is  responsible  for 
the  decrease  in  N(KLL)  intensity  seen  above  725  K.  Indeed,  this  obser- 
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vation  is  consistent  with  thermal  nitridation  studies  of  the  Si  surface 
reported  previously  [3,10,12,13,31],  where  nitride  formation  from  NH3 
occurs  above  about  700  K. 

An  assay  of  the  nitrogen  coverage  produced  upon  NH3  adsorption  and 
its  behavior  upon  heating  to  1000  K  is  shown  in  Figure  13.  An  increase 
in  the  N/Si  Auger  ratio  is  observed  until  an  exposure  of  -  6  x  10^ 
NH3/C1112  is  attained,  where  saturation  of  the  N  Auger  signal  is  evident. 
This  saturation  exposure  is  in  excellent  agreement  with  the  adsorption 
data  presented  in  Figure  4,  where  the  horizontal  plateau  (corresponding 
to  a  unity  sticking  probability)  corresponds  to  an  exposure  of  3.4  1.0 

x  lO1^  Nl^/cm2  at  which  point  NH3  adsorption  is  86%  complete  (see 
Figures  4  and  7  and  discussion  thereof).  Assuming  that  there  are  3.4  x 
10^  Si-dimers/cm2  at  the  Si(100)  surface  (corresponding  to  6.8  x  10^ 
Si  atoms/cm2)  we  conclude  on  the  basis  of  the  uptake  measurements 
(Figure  4),  the  TPD  measurements  of  H2  desorption  (Figure  7),  and  the  N 
Auger  measurements  (Figure  13)  that  there  Is  1  NH2  plus  1  H  per  Si-Si 
dimer  on  the  Si (100)  surface  upon  saturation. 

Ve  also  note  that  upon  thermal  activation  to  1000  K,  the  reduction 
in  N/Si  Auger  ratio  to  ~  60%  of  the  initial  value  is  consistent  with 
the  formation  of  a  nitride  layer,  and  with  penetration  of  surface  N 
atoms  into  the  near  surface  region  [5],  as  may  be  seen  in  Figure  13,  and 
by  comparison  with  Figure  12. 

E.  LEED  Studies  of  Si(100) 

Figure  14  shows  the  LEED  patterns  obtained  from  the  Si (100) 
crystal  when  it  has  been  studied  in  two  azimuthal  orientations  in  the 
apparatus,  obtained  by  removing  the  crystal  from  its  holder  and  rotating 
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it  by  90°.  In  Figure  14a,  a  single  (2x1)  unit  cell  is  clearly 
observed  indicating  that  the  predominant  orientation  of  the 
reconstructed  surface  is  as  shown  in  the  upper  panel  in  which  the  Si-Si 
dimer  structures  are  orientated  with  their  Si-Si  axes  almost  in  the  ver¬ 
tical  direction.  Upon  rotation  of  the  crystal  by  90°,  as  shown  in 
Figure  14b,  the  (2x1)  unit  cell  is  observed  to  rotate  as  shown,  and 
evidence  for  some  contribution  from  the  superposition  of  an  unrotated 
(1x2)  structure  is  also  observed.  Since  the  separate  LEED  measurements 
cannot  be  made  at  exactly  the  same  location  on  the  crystal,  we  cannot 
statistically  determine,  for  the  entire  crystal,  the  fractional  orien¬ 
tation  of  domains  in  each  direction,  but  based  on  the  symmetry  of  the 
ESDIAD  patterns  to  be  shown  later,  we  believe  that  the  crystal  exhibits 
a  preferential  statistical  orientation  of  Si(100)-(2  x  1)  domains 
as  is  observed  by  LEED  in  Figure  14a.  Such  effects  have  been  observed 
by  others  for  Sl(100)  [32]. 

F.  ESDIAD  Studies  of  Adsorbed  Species  Produced  from  NH3  on 
Si(lOO) 

H+  ESDIAD  patterns  are  clearly  observed  from  the  Si (100)  crystal 
containing  UH3-derived  surface  species,  in  agreement  with  previous  work 
[19].  In  our  apparatus  there  is  observed  a  systematic  attenuation  of 
these  ion  patterns  by  the  shadow  of  the  drift  tube  of  the  electron  gun, 
an  effect  seen  previously  [33],  A  symmetrizat ion-smoothing  procedure  has 
therefore  been  developed  which  disregards  the  information  coming  from 
the  electron  gun  side  of  the  pattern  in  an  unbiased  manner.  Figure  15 
illustrates  this,  and  also  shows  the  effect  on  the  H+  ESDIAD  pattern  of 
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rotating  the  crystal  azlmuthally  as  was  done  for  the  LEED  measurement  In 
Figure  14.  Figure  15a  shows  the  H+  ESDIAD  pattern  obtained  with  the 
crystal  oriented  as  in  Figure  14a  (before  crystal  rotation).  A  broad 
base  of  H+  Ion  emission  is  observed  In  the  ESDIAD  pattern  shown  to  the 
left,  and  on  top  of  this  base  projects  a  fin  shaped  feature  which  can 
best  be  seen  in  the  contour  diagram  shown  below  the  three  dimensional 
figure.  The  contour  diagram  clearly  shows  the  attenuation  due  to  the 
drift  tube  shadow  on  the  left  hand  side.  This  contour  diagram  Involves 
contour  levels  which  emphasize  the  ESDIAD  fan-shaped  structure  above  the 
broad  base  of  H+  emission.  To  eliminate  the  effect  of  the  electron  gun 
drift  tube  in  the  pattern,  a  mirror  plane  is  established  through  the 
maximum  point  of  the  ESDIAD  pattern,  and  all  data  to  the  left  of  the 
mirror  plane  are  disregarded.  The  right  hand  side  of  the  pattern  is 
then  reflected  across  the  mirror  plane  as  shown  in  the  middle  panels. 
Finally,  we  employ  a  symraetrizat ion-smoothing  technique  in  which  an 
averaging  of  all  points  180°  apart  around  the  center  of  the  pattern  is 
employed,  as  has  been  reported  previously  [34],  It  can  be  seen  in  the 
top  of  Figure  15  that  the  overall  two-fold  symmetry  of  the  H+  ESDIAD 
data,  seen  in  the  unprocessed  data  on  the  left,  is  refined  and  smoothed 
by  the  two  image  enhancement  procedures,  but  the  basic  pattern  symmetry 
is  not  in  any  way  introduced  by  our  processing  of  the  data.  An  ellip¬ 
tical  shaped  contour  pattern  of  H+  emission,  superimposed  on  a  broad 
featureless  plateau  of  H+  emission  is  observed.  The  long  axis  of  the 
ellipse  is  accurately  perpendicular  to  the  <0lT>  direction,  i.e.  perpen¬ 
dicular  to  the  predominant  Si-Si  bond  direction  on  the  crystal. 

A  critical  test  of  these  observations  was  obtained  after  the  azi- 


-22- 


muthal  rotation  of  the  crystal  as  shown  in  Figure  15b.  Here  the  raw 
data  show  that  the  elliptical  H+  emission  has  rotated  by  90°.  Use  of  the 
mirror  plane  and  two-fold  symmetrization  procedures  refines  the  pat¬ 
terns.  The  rotation  of  the  major  axis  of  the  H+  ESDIAD  pattern,  com¬ 
pared  to  the  upper  figures,  again  suggests  that  an  elliptical  pattern  is 
being  observed  which  is  correlated  with  the  preferential  orientation  of 
the  Si-Si  dimer  bonds,  and  that  the  long  axis  of  the  H+  ellipse  (indi¬ 
cated  by  arrows)  is  accurately  perpendicular  to  these  Si-Si  dimer  bond 
directions. 

The  ESDIAD  measurements  shown  in  Figures  15a  and  15b  were  obtained 
at  partial  coverage  of  NH3  on  Si (100),  where  none  of  the  low  temperature 
NH3  states  are  observed  by  temperature  programmed  desorption.  It  was 
therefore  of  interest  to  compare  ESDIAD  results  as  a  function  of 
coverage,  and  this  is  shown  in  Figure  16.  Beginning  at  the  bottom  of 
the  figure  we  see  that  at  an  NH3  exposure  of  1.1  x  101*  NH3/C1112  (0.3 
monolayers  of  NH2)*  the  elliptical  H*  ESDIAD  pattern  is  still  obtained, 
but  that  the  ellipticity  is  not  so  pronounced.  The  ESDIAD  pattern  pre¬ 
viously  shown  in  Figure  15  is  shown  in  the  middle  of  Figure  16  for  an 
NH2  coverage  of  0.6  monolayers.  Finally,  for  a  higher  exposure  to  NH3 
(11.1  x  10^  ifl^/cm2),  a  third  H+  ESDIAD  pattern  which  shows  little  evi¬ 
dence  for  ellipticity  is  observed.  At  this  high  NH3  exposure,  the 
undissociated  NH3  molecules  which  desorb  at  low  temperatures  are  present 
on  the  surface,  probably  as  a  second  layer  above  the  NH2(a)  plus  H(a) 
surface  species  produced  by  dissociative  adsorption  at  120  K. 

Since  we  postulate  that  NH3  dissociates  at  120  K  to  produce  NH2(a) 
plus  H(a),  it  was  of  interest  to  determine  whether  ESDIAD  could  detect 
changes  due  to  thermal  effects  from  the  adsorption  temperature  (130  K) 
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up  to  the  NH2(a)  +  H(a)  recombination  temperature  (~  600  K). 

Experiments  with  this  objective  are  shown  in  Figure  17,  where  4.9  x  10^ 
NH3  raolecules/cm^  were  adsorbed  at  130  K  at  the  beginning  of  the 
experiment.  The  elliptical  H+  pattern  is  observed  to  slowly  attenuate 
while  retaining  its  ellipticity  up  to  642  K,  where  recombination  has 
begun  to  occur.  Thus  we  may  say  on  the  basis  of  these  ESDIAD  obser¬ 
vations  that  a  fraction  of  the  NH2(a)  species  produced  at  130  K  retain 
their  structural  character  up  to  the  point  where  recombination  and  sub¬ 
sequent  desorption  or  complete  dissociation  take  place.  This  conclusion 
is  confirmed  by  studies  of  the  H+  ion  yield  versus  temperature  as  shown 
in  Figure  18.  Here  it  is  observed  for  NH3  coverages  where  the  second- 
layer  NH3  species  have  not  yet  formed  to  anv  great  extent,  that  a  slow 
decrease  in  the  H+  yield  occurs  from  J.20  K  up  to  about  650  K;  above 
650  K,  all  remaining  H+  yielding  species  are  destroyed  thermally.  These 
results  also  show  that  H(a),  produced  by  NH3  or  NH2  dissociation,  does 
not  yield  H+  with  a  high  ESD  cross  section,  since  H2  desorption  does  not 
occur  until  one  reaches  about  680  K,  a  temperature  where  the  H+  ESD 
yield  has  vanished  in  our  experiments  shown  in  Figure  18.  The  very 
small  ESD  yield  of  H+  from  Si (100)  was  confirmed  by  separate  ESDIAD  stu¬ 
dies  in  this  laboratory  in  which  pure  atomic  H  was  adsorbed  on  Si (100). 

G.  Measurements  of  the  H+  Ion  Energy  Distribution  from  NH2(a)  on 
Si(lOO) 

By  use  of  the  ESDIAD  hemispherical  analyzer  in  the  retarding  poten¬ 
tial  mode,  placing  a  retarding  voltage  on  grid  G3,  it  was  possible  to 
make  a  measurement  of  the  kinetic  energy  distribution  of  H+  ion  emission 
from  NH2(a)  species  during  ESD.  The  measurements  of  the  integral  ion 
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collection  curve  and  the  derived  energy  distribution  curve  (dashed  line) 
are  shown  In  Figure  19.  The  most  probable  energy  for  the  H+  Ions  Is  2.2 
eV,  In  a  broad  energy  distribution  with  FWHM  *  4. 1  eV.  ESDIAD  patterns 
were  acquired  at  different  retarding  voltages  to  determine  whether  the 
elliptical  (or  fin  shaped)  pattern  could  be  separated  from  the  broad 
plateau  of  H+  emission  on  which  It  sits.  Figure  20  shows  three  results 
of  this  experiment  where  a  cross  section  through  the  ESDIAD  pattern 
along  the  long  axis  of  the  elliptical  pattern  is  displayed.  The  ratio 
of  the  height  of  the  plateau  to  the  total  height  of  the  pattern  remains 
In  the  range  35-40%  for  all  three  patterns,  suggesting  that  the  H+  Ions 
In  the  plateau-base  region  cannot  be  separated  on  the  basis  of  their 
kinetic  energy  from  the  H+  Ions  In  the  upward-projecting  ESDIAD  fin- 
shaped  pattern  which  contains  the  elliptical  symmetry  when  viewed  from 
above. 

IV.  DISCUSSION  OF  RESULTS 

A.  Kinetics  of  Adsorption  of  NH3  on  Sl(100)  at  120  K 

The  results  shown  in  Figure  4  clearly  Indicate  that  NH3  Is  Ini¬ 
tially  adsorbed  on  Si(100)  with  a  constant  sticking  coefficient  at  120  K 
until  an  NH3  exposure  of  3.4  ±  1.0  x  10^  N^/cm^  has  been  achieved.  The 
constancy  of  the  sticking  coefficient  over  this  range  of  coverage  Is 
consistent  with  the  magnitude  of  the  sticking  coefficient,  S,  being 
unity  In  this  range  of  coverage.  Following  the  Initial  adsorption,  a 
slower  adsorption  process  occurs,  amounting  to  an  additional  14%  NH3 
adsorption,  as  Indicated  by  the  hydrogen  desorption  data  In  Figure  6  and 
7.  Hydrogen  desorption  can  thus  be  used  as  an  index  of  irreversible  NH3 
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adsorption. 

The  behavior  of  the  sticking  probability  observed  in  these  experi¬ 
ments  is  consistent  with  the  presence  of  an  extrinsic  NH3  precursor  [35] 
which  migrates  over  filled  sites  until  locating  a  site  where  chemisorp¬ 
tion  can  occur.  At  higher  coverages,  the  average  precursor  migration 
distance  to  a  chemisorption  site  increases,  and  the  surface  lifetime  of 
the  precursor  species  begins  to  limit  the  ability  of  the  adsorbate  mole¬ 
cule  to  find  a  chemisorption  site  before  desorption  from  the  precursor 
occurs.  Thus,  at  higher  coverages,  the  sticking  probability  falls  below 
unity  and  the  chemisorption  process  becomes  inefficient.  The  ability  to 
form  a  second-layer  extrinsic  precursor  is  supported  by  the  observation 
at  higher  coverages  of  weakly-held  NH3  molecules  which  desorb  at  lower 
temperatures  than  the  chemisorbed  underlayer  formed  previously.  The 
data  measured  in  our  experiments  do  not  permit  the  detection  of  a 
possible  intrinsic  precursor  NH3  species  on  Si(100)  at  120  K. 

B.  Dissociative  NH3  Adsorption 

It  is  known  that  at  low  exposures  of  Si (100)  to  NH3  at  115-130  K 
(Figures  15-17),  elongated  H*  ESDIAD  patterns  are  observed  where  the 
axis  of  elongation  is  perpendicular  to  the  dominant  Si-Si  dimer  bond 
direction.  This  elongated  H+  pattern  is  evident  at  lower  exposures  of 
NH3  in  all  three  figures.  As  will  be  shown  in  a  later  part  of  the 
discussion,  this  characteristic  elongated  ESDIAD  pattern  is  indicative 
of  the  presence  of  a  chemisorbed  NH2  species,  even  at  115  K.  Thus,  the 
chemisorption  of  NH3  should  be  considered  to  be  dissociative,  even  at 
these  low  temperatures.  The  continued  observation  of  the  elongated 
H+  ESDIAD  pattern  In  the  temperature  range  130  -  642  K  is  indicative  of 
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the  high  thermal  stability  of  NH2  on  Si(100). 

Since  our  coverage  measurements  indicate  that  one  NH3  species  is 
dlssoclatively  adsorbed  per  surface  Si-Si  dimer  (see  section  C  below),  a 
simple  argument  in  which  an  NH2  species  and  an  H  species  coexist  on  a 
single  Si-Si  dimer  is  appealing,  as  shown  schematically  in  Figure  21. 

The  identification  of  the  amino  species  (NH2)  as  the  primary  adsor¬ 
bate  resulting  from  NH3  dissociative  adsorption  on  Sl(100)  is  strongly 
supported  by  the  relative  recombinative  yields  of  the  deuterated  ammonia 
Isotopes,  as  shown  in  Figure  11  [36].  Although  this  experiment, 
involving  preadsorption  of  atomic  D  on  the  Si(100)  surface,  cannot  quan¬ 
titatively  discriminate  between  the  presence  of  pure  NH2(a)»  and  a  mix¬ 
ture  of  NH2(a)  and  smaller  quantities  of  NH(a)  and  N(a),  it  is  very 
clear  from  the  experiment  that  NH2  is  the  dominant  surface  species, 
since  the  desorption  of  NH2D(g)  dominates  over  all  other  isotopic  ammo¬ 
nia  species  at  high  D(a)  coverages.  At  low  D(a)  coverages,  NH3  is  the 
dominant  Isotopic  ammonia  species  observed  from  the  recombination  pro¬ 
cess,  as  would  be  expected. 

The  recombination  process  shows  a  deuterium  kinetic  isotope  effect, 
with  slightly  higher  ammonia  desorption  temperatures  being  observed  for 
increasing  deuterium  incorporation  (see  inset.  Figure  11).  This 
suggests  that  Si-H  bond  cleavage  is  rate  determining  in  the  production 
of  NH3  in  the  high  temperature  recombination  process,  and  that  higher  D 
incorporation  involving  one,  two,  or  three  Si-D  bond  scission  steps  may 
be  regarded  as  contributing  sequentially  to  the  production  of  the  isoto¬ 
pic  ammonia  species  which  desorbs  as  indicated  in  steps  (1)  and  (2) 
shown  previously.  Thus,  the  recombinative  ammonia  desorption  is  pro¬ 
bably  governed  kinetically  by  the  collision  of  mobile  H  adatoms  with 
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NH2<a),  an  example  of  a  reaction-controlled  surface  process  rather  than 
a  desorption-controlled  mechanism.  Recent  studies  In  this  laboratory 
have  shown  that  Si-H  bond  cleavage  produces  mobile  H  adatoms  via  an 
activation  energy  barrier  of  47  kcal/mole  in  approximately  this  tem¬ 
perature  range  (37].  Assuming  a  pre-exponential  of  v  ■  10^  s”*  and  a 
first  order  desorption  process,  the  activation  energy  for  recombination 
of  NH2(&)  and  H(a),  calculated  from  the  data  of  Figure  5  by  the  Redhead 
method  (46  kcal/mole)  closely  approximates  the  known  Si-H  activation 
energy  of  47  kcal/mole  [37]. 

C.  Saturation  Coverage  of  NH2  on  Sl(100) 

Our  NH3  uptake  measurements  from  the  collimated  beam  doser 
(Figure  4),  combined  with  an  estimate  of  the  additional  uptake  during 
the  slow  adsorption  process  (Figure  6  and  7),  has  permitted  us  to 
determine  the  saturation  coverage  of  NH-2  the  Si(100)  surface.  For  a 
perfect  Si(100)  surface,  there  are  6.8  x  101*  Si  atoms/cm2,  or 
3.4  x  10^  Si  dimers/cm2  (the  (100)  plane  density).  The  NH3  uptake  at 

saturation  coverage  is  3.9  ±  1.2  x  lO^^/cm2  or  1.1  ±0.3  N^/Si  dimer. 
It  should  be  noted  that  the  error  in  this  measurement  was  obtained  from 
a  full  propagation  of  errors  in  the  measurement,  and  that  our  precision 
in  the  measurement  of  the  saturation  coverage  is  much  better. 

This  measurement  of  NU3  coverage  strongly  suggests  that 
the  stoichiometry  of  the  stable  species  on  Si (100)  is  NH2;  thus,  one 
NH3  molecule  will  deliver  to  each  Si  dimer  site  one  NH2  species  and  one 
H  species,  saturating  all  dangling  bonds.  The  stoichiometry  summarized 
by  this  view  and  in  Figure  21  is  therefore  completely  consistent  with 
the  detection  of  NH2(a)  through  the  exchange  experiments  with  surface 
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D(a),  and  wlch  the  assignment  of  the  H+  ESDIAD  pattern  to  the  NH2(a) 
species  adsorbed  on  dimer  Si  sites  (to  be  discussed  in  section  0  below). 

D.  Postulated  Structure  of  Amino  (NH2)  Species  on  Si (100) 

Figure  21  shows  the  postulated  site  and  configuration  for  the 
bonding  of  an  NH2  amino  ligand  to  a  dangling  bond  site  on  Si (100). 

Using  the  bond  angles  present  in  the  free  NH3  molecule  plus  a  crude 
estimate  of  the  projection  angle  expected  for  the  Si-N  bond  in  this 
complex,  it  is  possible  to  predict  qualitatively  the  H+  ESDIAD  pattern 
which  would  be  generated  from  the  amino  species.  It  must  be  remembered 
that  various  vibrational  modes  of  the  NH2  species  will  serve  to  spread 
the  H*  pattern  along  directions  which  are  determined  by  the  highest 
amplitude  thermal  motions  in  the  complex.  One  example  of  an  expected 
high  amplitude  vibration  will  involve  torsional  rotation  of  the  amino 
complex  about  the  Si-N  bond.  In  order  to  visualize  the  excursions  of 
the  N-H  bond  directions  due  to  this  torsional  motion  about  the  Si-N 
bond.  Figure  22  has  been  constructed.  Here,  the  Si-N  bond  has  been 
directed  at  an  angle  of  35  degrees  from  the  normal,  which  is  the 
observed  Si-F  bond  angle  for  fluorine  adsorption  on  Si(100)  dimer 
sites  (38,19],  The  Si-N-H  bond  angle  is  taken  to  be  106.8°,  which  is 
the  H-N-H  bond  angle  in  the  NH3  molecule.  Allowing  the  N-H  bond  to  pro¬ 
ject  in  all  directions  permitted  by  rotation  about  the  Si-N  bond  will 
result  in  an  arc  projection,  yielding  H"*"  ions  which  describe  an  arc  with 
a  maximum  lateral  excursion  from  the  normal  of  38°  as  shown  in  Figure 
22,  where  a  single  N-H  bond  directed  upwards  is  shown  for  clarity.  The 
Intensity  in  these  arcs  is  probably  attenuated  at  large  polar  angles 
because  of  reneutrallzatlon  effects  which  are  favored  at  high  polar 
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angles.  The  combination  of  "right-directed**  and  "left-directed"  NH2 
groups  should  yield  a  pair  of  arc  patterns  which  overlap  to  form  an 
elliptical  pattern  as  shown  in  the  bottom  of  Figure  22.  For  the  Si-Si-N 
bond  angle  assumed  (125°)  and  the  assumed  Si-N-H  bond  angle  (106.8°) ,  we 
estimate  that  the  angular  width  of  the  minor  axis  of  the  elliptical  H* 
ESDIAD  pattern  will  be  76°. 

Two  additional  factors  must  be  recognized  in  this  analysis: 

(1)  The  bond  angles  used  here  are  only  first  approximations  to  the 
true  bond  angles.  For  bonding  to  Si,  it  is  likely  that  the  Sl-N-H  bond 
angle  will  open  to  angles  above  106.8°  due  to  the  larger  size  of 
the  Si  atom  compared  to  a  hydrogen  atom  in  NH3;  (2)  In  addition  to  the 
torsional  motion  discussed  above,  it  is  likely  that  vibrational  motions 
opening  the  Sl-N-H  bond  will  occur  (deformation  mode)  causing  a  blurring 
of  the  H+  ESDIAD  pattern  and  the  resultant  filling  in  of  the  region 
between  the  arcs  which  will  give  in  this  central  region  a  summation  of 
intensity  from  both  the  "left-directed"  and  "right-directed"  amino  species. 

The  ESDIAD  behavior  reported  here  bears  a  resemblence  to  a  previous 
ESDIAD  measurement  made  by  Johnson,  et  al  [19],  and  extends  the 
interpretation  made  in  their  work.  At  low  exposures  of  NH3  on  Si (100) 
sites,  Johnson  et  al  [19]  observe  a  weak  halo  with  H+  emission  predomi¬ 
nantly  in  directions  perpendicular  to  the  Si-Si  bond  directions  in  the 
Si  dimers.  They  interpret  this  to  be  due  to  minority  adsorbed  NHX  spe¬ 
cies,  where  "x"  is  unspecified.  Our  ESDIAD  studies  show  a  fin-shaped  H+ 
ridge,  whose  major  axis  is  perpendicular  to  the  Si-Si  dimer  bond  direc¬ 
tion.  We  further  Identify  the  species  as  NH2  and  show  that  a  single  NH2 
species  per  dimer  site  is  produced  upon  adsorption  to  full  coverage. 

These  results  considerably  clarify  this  earlier  picture,  providing  a 
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stoichiometric,  structural,  and  dynamical  view  of  the  adsorbed  amino 
complex.  Surface  amino  complexes  have  been  detected  on  other  surfaces 
such  as  Ni(110)  [39,40], 

E*  Origin  of  the  Broad  H+  Angular  Distribution 

The  elliptical  H*  pattern  is  superimposed  upon  a  broader  angular 
distribution  which  appears  as  a  base  to  the  elliptical  pattern.  This 
broad  pattern  is  not  due  to  molecular  NH3  species  adsorbed  on  top  of  the 
NHj  species,  since  it  is  observed  at  coverages  below  that  required  for 
molecular  NH3  adsorption.  At  the  present  time,  we  believe  the  most 
rational  explanation  is  that  it  is  caused  by  NH2  species  or  NH  species 
adsorbed  on  random  defect  sites  known  to  be  present  on  Si(100)  surfaces 
from  STM  measurements  [41].  Because  of  the  disorder  expected  at  these 
sites,  a  broad  azlmuthally  disordered  ESDIAD  pattern  would  be  expected. 
The  broad  H+  pattern  is  present  at  all  coverages,  suggesting  that  the 
rate  of  adsorption  on  the  defect  sites  is  similar  to  the  rate  on  the  Si 
dimer  sites  (NH3  sticking  probability  -  unity,  initially). 

F.  ESDIAD  Pattern  from  High  HH3  Coverages 

The  high  coverage-  ESDIAD  pattern  shown  in  the  portion  of  Figure  16 
is  almost  azlmuthally  symmetrical,  in  agreement  with  the  results  of 
Johnson,  et  al  [19],  for  high  NH3  coverage.  We  believe  this  pattern  is 
due  to  a  mixture  of  H*  emission  from  the  NH3  overlayer  and  an  underlayer 
of  NH2  species.  The  overlayer-NH3  species  may  well  be  tipped,  as 
observed  previously  for  NH3  overlayers  adsorbed  on  top  of  a  full  layer 
of  CO  on  Ni(110)  [42],  The  tipped  NH3  species  may  be  arranged  to  pro¬ 
ject  an  N-H  bond  in  the  normal  direction,  to  present  little  or  no  azi- 
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outhal  symmetry,  and  to  be  uncorrelated  with  the  structure  of  the 
underlayer  or  the  Sl(100)  single  crystal. 

G.  Site  Blocking  for  NH3  Dissociative  Adsorption  on  Si(100) 

Figure  10  presents  an  informative  view  of  the  effect  of  atomic  D 
adsorbate  on  Sl(100)  on  the  kinetics  of  adsorption  of  NH3.  It  is 
observed  that  both  the  fast  adsorption  and  the  slow  adsorption  steps  are 
attenuated  by  blocking  by  atomic  D(H)  species.  Furthermore,  at  a  sur¬ 
face  coverage  corresponding  closely  to  a  single  monolayer  of  H(a), 
where  each  Si  dangling  bond  has  been  capped  to  form  a  Si-H  surface  spe¬ 
cies,  all  dissociative  adsorption  of  NH3  to  form  adsorbed  NH2  species  is 
terminated.  Similar  behavior  has  been  observed  for  H  blockage  of  olefin 
interaction  with  Sl(100)  surfaces  [25,43].  These  results  suggest  that 
simple  bonding  ideas  Involving  the  utilization  of  projecting  dangling 
bonds  for  dissociative  chemisorption  must  be  basically  true.  Indeed, 
the  Si  surface  provides  an  ordered  array  of  free  radical  sites  ready  to 
undergo  surface  chemical  reactions  which  resemble  those  encountered  in 
free  radical  chemistry  in  the  gas  phase. 

The  major  reaction  channel  for  the  dissociation  of  adsorbed  NH2 
Involves  N-H  bond  scission  at  temperatures  above  about  600-700  K.  This 
process  produces  adsorbed  H(a)  which  begins  to  desorb  above  about  680  K 
with  kinetics  that  differ  only  slightly  from  the  desorption  of  pure 
H(a)  from  Si (100).  The  slightly  lower  desorption  temperature  of  hydro¬ 
gen  from  the  NH2~decomposition  route  compared  to  H2  from  pure  H(a)  may 
be  due  to  the  effect  of  Si-N  bonding  in  the  vicinity  of  Si-H  bonds, 
possibly  reducing  the  Si-H  bond  energy  slightly.  It  is  likely  that  pro¬ 
motion  of  a  single  Si-H  species  to  a  bound,  translationally  mobile  sur- 
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face  hydrogen  species  [37]  occurs  when  NH2  is  the  source  of  the  surface 
hydrogen,  and  that  the  kinetic  behavior  In  the  NH2  +  H  surface  recom¬ 
bination  process  resembles  that  measured  for  pure  hydrogen  (first  order 
desorption  kinetics;  Ea  *  47  kcal/mole)  [37]. 

A  second,  minor  channel  for  loss  of  NH2(a)  involves  the  recom¬ 
bination  with  H(a)  to  produce  NH3(g),  which  has  been  discussed  in  sec¬ 
tion  B  above.  We  believe  this  recombination  channel  is  a  minor  channel 
for  decomposition  of  NH2(a)  based  on  studies  of  the  N  Auger  intensities 
upon  heating  as  shown  in  Figure  12.  Here  it  may  be  seen  that  only  a 
small  fractional  decrease  in  the  N  Auger  Intensity  occurs  in  the  tem¬ 
perature  region  600  -  720  K  where  the  recombination  process  between 
NH2(a)  and  H(a)  occurs.  Thus,  the  majority  of  the  NH3  adsorbed  disso- 
ciatlvely  as  NH2(a)  is  effective  in  delivering  atomic  N  to  the  surface 
for  formation  of  a  "silicon  nitride"  layer  at  elevated  temperatures. 

H.  Behavior  of  N(a)  on  Si(100) 

By  about  800  K  all  hydrogen  from  NH2  decomposition  has  recombined 
forming  ^(g)  which  has  desorbed.  At  about  800  K,  only  atomic  N(a) 
remains  on  the  Sl(100)  surface.  In  Figure  12  It  may  be  seen  that  the 
N-Auger  Intensity  from  the  atomic  N  decreases  as  N-penetration  into  the 
Sl(100)  lattice  occurs.  This  penetration  process  continues  up  to 
1000  K,  where  measurements  were  discontinued.  These  results  differ  in 
detail  from  the  work  of  Avouris  et  al,  who  report  that  the  N  ISS  signal 
from  NH3  adsorption  on  Si(100)  is  observed  at  90  K,  but  is  not  observed 
at  220  K  [3,5].  Their  interpretation  is  that  N  penetration  into  Sl(100) 
occurs  at  220  K.  Our  results  indicate  that  NH2(a)  species  exist  until 
the  dissociation  temperature  (600  -  700  K) ,  and  that  N  penetration  then 


-33- 


occurs  beginning  at  about  700  K.  This  is  consistent  with  the 
essentially  constant  nitrogen  Auger  intensity  seen  in  Figure  12  up  to 
about  700  K  due  to  the  presence  of  surface  NH2  groups. 

V.  Summary  of  Results 

The  combination  of  accurate  coverage  measurements,  temperature 
programmed  desorption,  Auger  spectroscopy,  digital  LEED,  and  digital 
ESDIAD  has  provided  a  clear  picture  of  the  behavior  of  NH3  in  its 
interaction  with  Si(100). 

The  following  interpretation  has  been  made: 

1.  Sl(100)  dimer  sites  are  effective  in  causing  the  dissociative 
adsorption  of  NH3  to  produce  Si-NH2  and  Si-H  surface  species. 
The  saturation  coverage  of  these  species  is  such  that  the 
NH3  dissociatively  saturates  one  Si-Si  dimer  site.  This 
assignment  of  NHj  as  the  major  surface  species  produced  from 
NH3  differs  from  the  assignment  of  Avourls  et  al,  who  report 
that  N-H  species  are  produced  [6). 

2.  The  NH2  species  is  bound  to  a  Si  dangling  bond  site  in  a  struc¬ 
ture  in  which  the  N-H  bonds  are  projected  upwards  from  the  sur¬ 
face;  both  torsional  vibrations  around  the  Sl-N  bond  and  low 
frequency  deformations  of  the  S1-NH2  species  lead  to  thermally 
averaged  N-H  bond  directions  which  cause  a  fin-shaped  H+  ESDIAD 
pattern.  The  pattern  displays  its  long  axis  perpendicular  to 
the  Si -Si  dimer  bond  direction. 

3.  The  S1-NH2  surface  species  are  stable  to  about  600  K  where  some 
recombine  with  adsorbed  H  species  to  produce  NH3(g)  in  a  minor 
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reaction  channel.  The  majority  of  the  NH2  species  dissociate 
to  H(a)  and  N(a)  surface  species  In  the  temperature  range 
600-700  K,  followed  by  H2  liberation.  The  surface  N  produced 
enters  Into  the  SI  near-surface  region  at  about  700  K.  The 
stability  of  NH2  species  on  Sl(100)  up  to  about  600  K  followed 
by  dissociation  and  N-penetratlon  into  the  bulk  above  700  K 
differs  In  detail  from  the  interpretation  of  Avouris  et  al,  who 
postulate  that  N  penetration  occurs  near  220  K  [3,5]. 

4.  At  high  NH3  exposures,  molecular  NH3  adsorbs  as  a  second  layer 
and  multilayer  species.  This  NH3  does  not  participate  In 
dissociative  adsorption  or  in  isotopic  exchange  with  Sl-D 
surface  species,  and  desorbs  as  a  molecular  species  below 

300  K.  The  H+  ESDIAD  patterns  obtained  at  higher  NH3 
coverages  exhibit  a  broad,  normally-directed  geometry 
Indicating  that  the  second  layer  of  NH3  Is  probably 
randomly  arranged  on  the  surface. 

5.  The  dissociative  adsorption  of  NH3  to  produce  NH2(a)  at  120  K 
occurs  with  unity  sticking  probability  until  about  85%  of  the 
adsorption  sites  are  occupied;  above  this  coverage,  the 
sticking  probability  of  NH3  decreases  as  the  remainder  of  the 
adsorption  sites  are  filled.  This  behavior  is  consistent  with 
the  operation  of  a  mobile  extrinsic  precursor  adsorption  mecha¬ 
nism. 

6.  Preadsorption  of  atomic  D(H)  on  Sl(100)  efficiently  blocks  NH3 
adsorption  and  dissociation  to  NH2  species.  In  the  limit  of 
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occupancy  of  all  Si  dangling  bond  sites  by  D(H)  adsorbed  spe¬ 
cies,  the  chemisorption  of  NH3  is  completely  blocked  and  the 
surface  is  passivated.  These  results  are  in  accordance  with 
the  conclusion  of  Avouris  et  al  [6]. 

7.  H+  produced  by  ESD  from  S1-NH2  species  exhibits  a  most  probable 
ion  kinetic  energy  of  2.2  eV. 

8.  Evidence  is  seen  for  the  presence  of  defect  Si  adsorption  sites 
which  yield  H+  ESDIAD  patterns  exhibiting  a  very  broad  angular 
distribution  from  adsorbed  species  produced  from  NH3. 
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Figure  4. 
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Figure  6. 
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Figure  8. 

Figure  9. 


Top  view  of  UHV  apparatus  showing  relative  positions  of 
instrumentation  used. 

Cross-sectional,  top  view  of  Digital  LEED/ESDIAD  apparatus. 
Calibration  of  directed  beam  doser  for  NH3  experiments.  NH3 
flux  entering  the  chamber  is  determined  by  monitoring  the 
backing  pressure  behind  a  nominal  2  pm  diameter  conductance- 
limiting  orifice.  The  initial  two  points  are  not  Included 
in  the  analysis. 

Adsorption  kinetics  for  NH3/Si(100)  at  120  K. 

TPD  spectra  from  NH3  on  Si (100)  at  various  initial 
exposures.  The  NH3  thermal  desorption  peak  is  a  result  of 
the  recombination  of  NH2(a)  and  H(a). 

TPD  spectra  of  H2  from  NH3  on  Si (100)  at  various  initial  NH3 
exposures. 

Comparison  of  thermal  desorption  peak  areas  (yields)  for  NH3 
and  H2  as  a  function  of  initial  NH3  exposure.  The  relative 
yields  (uncorrected  for  QMS  sensitivity)  indicate  that  the 
recorabinative  desorption  channel  producing  NH3  is  a  minor 
one. 

Comparison  of  TPD  kinetics  from  H/Si(100)  and  NH3/Si(100). 

H2  desorption  is  controlled  by  desorption-limiting  surface 
kinetics  when  produced  from  NH3/Si(100). 

Deuterium  atom  coverage  calibration  for  deuterium-ammonia 
co-adsorption  studies.  D2  exposures  are  in  Langmuirs, 
uncorrected  for  gauge  sensitivity.  Saturation  of  the  rnono- 
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Figure  10. 


Figure  11. 


Figure  12. 


Figure  13. 


Figure  14. 


Figure  15. 


Figure  16. 


hydride  phase  has  been  assumed  to  be  6.8  x  10*4  atoms/cm2 
(dashed  line). 

Capping  of  active  sites  for  NH3  adsorption  on  Sl(100)  by  D 
atom  adsorption. 

Isotopic  ammonia  desorption  yield  from  deuterium-ammonia 
coadsorption  on  Sl(100).  NH2D  is  the  principal  deuterated 
ammonia  desorption  product  at  all  D  coverages. 

N  penetration  Into  bulk  as  monitored  by  the  N(KLL)/S1(LW) 
Auger  p-p  ratio.  The  dashed  curve  represents  a  TPD  spectrum 
at  an  NH3  exposure  of  8.9  x  lO1^  Nl^/cm2. 

Relative  assay  of  nitride  species  produced  by  thermal 
activation  of  NH3/Si(100).  Adsorption  at  120  K  reveals 
saturation  of  the  N  Auger  signal  at  an  NH3  exposure  of  ~  6  x 
10 14  NH3/cm2. 

Digital  LEED  patterns  and  their  corresponding  real-space 
orientations  (a)  before  crystal  rotation,  (b)  after  crystal 
rotation.  The  patterns  are  predominantly  (2x1)  Indicating  a 
preferential  statistical  orientation  of  corresponding  dimer 
domains. 

Symmetrlzation  procedure  used  In  ESDIAD  data  from 
NH3/S1(100).  (a)  before  crystal  rotation,  (b)  after 

crystal  rotation.  In  both  cases,  the  elllptlcity  of  the 
pattern  Is  preserved  and  the  long  elliptical  axis  Is 
oriented  perpendicular  to  the  Si-Si  dimer  bond  direction. 

H+  ESDIAD  patterns  for  various  NH3  exposures  on  Si(100). 
Orientation  of  crystal  Is  that  In  Figure  15(a).  The 
elllptlcity  of  the  patterns  is  pronounced  for  coverages  of 
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0.3  and  0.6  monolayers  of  NH2.  At  high  exposures  (11.1  x 
10^  Nl^/cm^),  a  normally  directed  H+  beam  is  observed  due  to 
undissociated  NH3  molecules  present  as  a  disordered  second 
layer  on  the  NH2(a)  an<*  H(a)  species. 

Figure  17.  Thermal  effects  on  H+  ESDIAD  pattern  from  NH3/Si(100). 

Pattern  elliptlclty  is  preserved  to  642  K  (at  the  onset  of 
NH2(a)  +  H(a)  recombination). 

Figure  18.  H+  ESD  yield  as  a  function  of  temperature.  The  H+  yield  is 
observed  from  120  K  to  ~  650  K,  corresponding  to  the  data  in 
Figure  17.  The  dashed  curve  is  representative  of  the  NH3 
thermal  desorption  at  high  NH3  exposures.  Crystal  bias  - 
+100  V. 

Figure  19.  Measurements  of  the  integral  IT*'  collection  current  (solid 

line)  and  the  derived  ion  energy  distribution  (dashed  line). 
The  most  probable  H+  ion  energy  is  2.2  eV.  Crystal  bias  ■ 


+10  V. 

Figure  20.  H+  ESDIAD  pattern  cross-sections  at  various  retarding 

voltages.  Cross-sections  were  taken  along  the  major-axis  of 
the  corresponding  elliptical  pattern.  These  curves  suggest 
that  the  broad  plateau-base  of  the  patterns  cannot  be 
separated  from  the  elliptical  patterns  on  the  basis  of  H+ 
energy.  Curves  A,  B  and  C  correspond  to  the  data  points 
labeled  in  Figure  19. 

Figure  21.  Schematic  of  the  bonding  of  an  NH2  (amino)  ligand  and  an  H 
ligand  to  the  Si-Si  dimer  dangling  bond  sites  on  Si(100). 
Dissociative  adsorption  of  NH3  results  in  this  postulated 
structure. 
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Figure  22.  Excursions  of  N-H  bond  directions  due  to  torsional  motion 


about  the  Si-N  bond.  The  combination  of  "left-directed"  and 
"right-directed"  species  results  in  the  H+  arc  patterns 
shown  in  the  bottom  of  the  figure.  Superposition  of  the 
intensities  of  the  arcs  combined  with  N-H  dynamical  effects 
due  to  other  NH2  vibrations  results  in  the  elliptical  H+ 
ESDIAD  pattern  observed. 
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